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We present structural studies of Vi_i:Cr:r02 (pure, 0.7% and 2.5% Cr doped) compounds at room 
temperature in a diamond anvil cell for pressures up to 20 GPa using synchrotron x-ray powder 
diffraction. All the samples studied show a persistence of the monoclinic Mi symmetry between 4 
and 12 GPa. Above 12 GPa, the monoclinic Mi symmetry changes to isostructural Mx phase (space 
group P2i/c) with a significant anisotropy in lattice compression of the b-c plane of the Mi phase. 
This behavior can be reconciled invoking the pressure induced charge-delocalization. 
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I. INTRODUCTION 

The metal insulator transition (MIT) observed in most of the vanadium oxides compounds belonging to the so-called 
Magneli phase has attracted a lot of interest Among these compounds VO2 is probably the most investigated^. 
On decreasing the temperature below 340 K, it shows an abrupt MIT, characterized by a huge jump in the conductivity 
and a simultaneous structural transition from rutile (R) metallic phase to monoclinic (Mi) insulating phase^. In the 
R phase, the V-atoms, each surrounded by an oxygen octahedron, are equally spaced in linear chains along the c-axis 
and form a body-centered tetragonal lattice^. The transition from the high-symmetry R phase to the low symmetry 
Ml phase results mainly in a rearrangement in the V-chains. Structural data show indeed the dimerization of the 
V-atoms in the chain and the tilting of the V-V pairs with respect to the c axis'^. The MIT in VO2 has been a 
subject of intense study to pin-point the key players driving the transition^. Several scenarios have been proposed, 
an electron correlation-driven Mott transition^'^'^'^'' , a structure-driven Peierls transition'*'^^ or a cooperation of 
these two mechanisms*'^^. The understanding of VO2 physics is even more complicated due to the presence of two 
additional insulating monoclinic phases of this material, which appear on applying uniaxial stress^° or on doping with 
small amounts of acceptor (W or Nb)^'^^ or donor (Cr)^ impurities. In particular, on doping VO2 with small amounts 
of Cr, M2 and M3 monoclinic phases (space group C2/m) appear. These are characterized by different arrangement 
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of the V chains^'^^. In the M2 structure the V pairing is partially removed, i.e. one half of the V atoms dimerizes, 
and the other one forms zig-zag chains of equally spaced atoms. The M3 phase is an intermediate one in which the 
V-V pairs of the M2 phase tilt and the zig-zag chains start to pair. 

We have recently investigated the effects induced by the application of high pressure (HP) on VO2 based systems 
using Raman and infrared spectroscopy^'"'^^'^^'^*. Differently from the ambient pressure case, where the metallic phase 
is found only in conjunction with the R structure, evidences of a new room temperature metallic monoclinic phase 
have been found above 10 GPa^^'^"^'^^. These findings opened to new experimental/ theoretical queries about the HP 
structural arrangement of the V atoms and its role in driving the MIT in the V02-systems. A HP structural study of 
pure and Cr-doped VO2 is of interest for a deeper understanding of the high pressure delocalization dynamics and for 
a description of the Peierls-type distortion evolution. Here we report on a HP (0-20 GPa) synchrotron x-ray diffraction 
(XRD) study carried out on Vi_2;Crj;02, where a;=0.0%, 0.7% and 2.5 % under ambient pressure and temperature 
are respectively in monoclinic Mi, M3, and M2 phases. Regardless of the Cr content, all the investigated systems are 
found to be in monoclinic Mi phase between 4 and 12 GPa. Above 12 GPa the monoclinic Mi phase transforms into 
an isostructural monoclinic M^ phase (space group P2i/c). In addition, our results reveal a significant anisotropy 
in lattice compression in the high pressure regime. This behavior can be reconciled invoking the pressure induced 
charge-delocalization. 

II. EXPERIMENTAL 

VO2 samples were prepared starting from proper amounts of V2O3 and V2O5 (Aldrich, purity >99.9%) pressed 
to form a pellet and reacted at 1050 °C in argon gas flow for 12 hours. The Cr doped samples, (Vi_a;Cra;02 with 
x=0.025 and 0.007 respectively in the M2 and il/3 monoclinic insulating phase at ambient conditions^), were prepared 
starting from cquimolar amounts of V2O3 and V2O5 and adding proper stoichiometric amounts of Cr203. Notice that 
throughout the manuscript, we have used 'precentage format' {i.e. x=0.007 as 0.7% and a;=0.025 as 2.5%) to denote 
the Cr concentration. In the Cr doped case, the mixture has then been fired at 1000 °C in argon atmosphere. From 
the above procedure, one can obtain small crystals of a few tens of microns. Preliminary phase purity checks were 
carried out on several of these obtained micron sized single-crystals through x-ray diffraction (XRD). Once the phase 
purity is assured, the single crystal pieces were crushed in a mortar to obtain the required powdered samples. These 
powdered samples were analysed using differential scanning calorimetery (DSC) and powder XRD. The refinement 
of the room temperature powder XRD patterns yielded Mi, M2, and AI3 monoclinic structures for the a;=0.0%, 
2.5% and 0.7% respectively with corresponding unit-cell parameters in excellent agreement with the reported values'. 
The DSC measurements revealed clear endothermic peaks for the a;=0.0%, 2.5% and 0.7% samples associated with 
the insulator-metal transition. The observed transition temperatures were in perfect agreement with the literature 
values^ 

For HP measurements, the samples have been loaded in a membrane diamond anvil cell with a large angular 
aperture. Measurements were carried out in the pressure range 0-20 GPa. Helium was the selected pressure 
transmitting medium since it minimizes non-hydrostaticity effects for pressures even higher than those realized in 
the present work^'^ and thus allows good quasi-hydrostatic conditions. The pressure was measured by means of 
ruby fluorescence^^. The monochromatic x-ray signal (A=0.415 A) diffracted by the samples has been collected on 
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FIG. 1: (Color online) X-ray powder diffraction pattern series of Vi_2,Cra;02 (pure, 0.7% Cr doped and 2.5% Cr doped, panel 
(a), (b) and (c) respectively) compounds for several pressures. Red patterns mark the M\ — ^Mj, transition pressure, the blue 
ones in (b) and (c) refer to respectively the low pressure M3 — >■ Mi and M2 — >■ M\ transitions. 



a MAR555 flat panel detector, located at a distance of ~ 400 mm from the sample, in the ID09A beamline of the 
European Synchrotron Radiation Facility, Grenoble (France). The diffraction parameters were carefully determined 
using a silicon reference sample. XRD data have been analyzed using the FULLPROF^^ Rietveld refinement package. 
Each pattern has been studied by modeling the structure according to the Rietveld method and thus refining the 
structural information. 



III. RESULTS AND DISCUSSION 
A. High pressure x-ray diffraction data 

XRD patterns for the Vi_xCr2:02 (pure, 0.7% and 2.5% Cr doped) samples at several pressures are shown in Fig. 
1. For facilitating a better comparison of the XRD data at different pressure regimes (low, medium, and high), in 
Fig. 2, we present the XRD pattern at three selected pressures for the three compounds studied. Data collected 
at the lowest pressures [Fig. 2 (c)] show clearly different peak patterns in accordance with the different symmetries 
expected for Vi_a;Cra;02 at ambient pressure''. Data refinements of the diffraction patterns collected at P = 0.3 GPa 
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FIG. 2: (Color online) X-ray dilfraction pattern of Vi_iCr^02 (pure, 0.7% and 2.5% Cr doped) compounds at several selected 
pressures. To facilitate a better comparison, the intensities of the VO2 patterns are reduced to one-third. 
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FIG. 3: (Color online) Comparison of a single Bragg reflection with comparable intensity (panel (a)) and Raman phonon 
linewidths (panel (b)) of the modes at ~640 cm"'^ (squares) pressure dependence for pure (empty symbols) and 0.7 % Cr- 
doped VO2 (filled symbols)^^*'^*. 



show that the crystal structures of the pure, 0.7% and 2.5% Cr doped samples belong to respectively the Mi, M3, 
and M2 monoclinic phases as expected. As can be inferred by comparing the diffraction patterns reported in the 
different panels of Fig. 2 (see also Fig. 1), the three samples show different behaviors over the low-pressure range 
(0-4 GPa approximately) but a convergence towards a common structure and a common trend is observed in the 
high-pressure regime (P>4 GPa). In particular, pure VO2 sample shows a rather regular pressure dependence up to 
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about P*=12 GPa. From Fig. 1(a), it can be clearly observed how the Bragg peaks shift towards high angles owing 
to lattice compression without any modification of the overall peak pattern up to P*. Pressure induced structural 
transitions in the low pressure regime (P< 4 GPa) are instead observed for the two Cr-doped samples [Figs. 1 (b) 
and (c)]. Data refinement of the diffraction patterns clearly shows the transition of the two doped samples towards 
the Ml phase, characteristic of the pure compound, on increasing the pressure: the — >■ Mi transition of the 0.7% 
Cr doped sample occurs at 2.7 GPa whereas, the M2 — Mi transition of the 2.5% doped at 3.7 GPa [blue in Figs. 
1 (b) and (c)]. The evolution of the crystal-structures can be followed looking at the three Bragg peaks at around 
7.3°, characteristic of the AI2 and M3 phases which transform into the doublet of the Mi phase (see Figs. 1 and 
2). Similarly, the sequence of peaks located at 11.0° and 14.5° which merge into single peaks for P> 4 GPa. The 
three samples, regardless the extent of Cr doping, show the same diffraction peak pattern and the same pressure 
behavior above the transiton pressure, 2.7 GPa for a;=0.7% and 3.7 GPa for a;=2.5% Cr doped, up to Pmax = 20 
GPa (panels (b) and (c) of Fig. 1; see also Fig. 2). This finding is consistent with the observed pressure dependence 
of the Raman-active phonons reported in Ref. [23] where the same three samples here investigated exhibit peculiar 
dependence over the low-pressure range and actually converge into a common one in the high-pressure regime. 
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FIG. 4: (Color online) X-ray powder diffraction patterns for VO2 below 1 GPa before and after the pressure cycle. The two 
patterns are identical revaealing the reversibility of the pressure induced phase transitions. 



At pressures above P* (red patterns in Fig. 1), subtle modifications occur in the diffraction patterns of all the three 
samples such as the splitting of the peak at 10° and the rearrangements of the peaks around 15°. Nevertheless no 
symmetry changes are needed to model the diffraction data and a monoclinic phase, we named as M^ according to 
Ref. [23], isostructural to Mi (space group P2i/c), describes the structure of all the samples above P*. 

Moreover, as to the x = 0.7% sample, it can be noticed that Bragg peaks shown in Fig. 2 at P = 0.3 GPa are 
apparently broader than those of other samples. This is quite clear looking at Fig. 3 (a) where the peak around 8.90° is 
shown for the pure and 0.7% doped samples at P=0.3 GPa. This broadening is due to the phase coexistence at low 
pressure-regime between the M3 and Mi phases in the 0.7% sample. In fact XRD refinements show the Bragg peak 
around 8.90° has contribution from both (310) of M^ and (-102) of Mi phases. The effect of this co-existence is also 
evident in the Raman results. The pressure dependence of the phonon line width, 7, of the V-0 Raman-active modes 
is shown Fig. 3 (b) for the pure and the 0.7% doped sample over 0-6 GPa range. Within a phase separation scenario 
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FIG. 5: (Color online) Results of the Rietveld refinement for VO2 in the Ma; phase at 17.2 GPa. 



the observed progressive reduction of the 7 for the Cr-doped sample can be ascribed to a pressure induced reduction 
of the Afa phase in favor of the Mi. This is also an indication of the first order nature of the M3 to Mi transition. We 
also collected few diffraction patterns on releasing the pressure to verify the reversibility of the observed structural 
phase transitions. As can be observed from Fig. 4, where the powder XRD pattern for pure VO2 are compared before 
and after the pressure ramp, the initial structure is found to be recovered upon the pressure release. Thus the results 
of these measurements show that the pressure induced structural phase transitions are reversible. 



B. Pressure dependence of lattice constants 

Refinements of the XRD patterns at different pressures permits to obtain the pressure dependence of the lattice 
parameters, which is shown in Fig. 6. An example of data refinement ( the VO2 pattern at 17.2 GPa), is shown in 
Fig. 5. The quality of data allows indeed for a good estimate of the lattice parameters, whereas it is not sufficient 
to follow the precise evolution of the atomic positions in the high pressure regime. For the sake of completeness, the 
obtained parameters (e.g., lattice constants and atomic positions) from the XRD Rietveld refinement analysis are 
given as tables in the supplementary information file. 

It is worth to notice that when changing from the M2 or the M^^ conventional cell to the Mi cell, the geometrical 
meaning of cell axes changes according to a non-trivial relation (see Ref. 5). At low pressure (P< 4 GPa) the Cr- 
doped samples exhibit a rather scattered behavior (mainly the x — 0.7% sample) of all the lattice constants, which 
highlights an embedded instability of low symmetry structures M2 and M3 that evolve towards Mi. Mi (P2i/c) 
and A/2 — A/3 {C2/m) structures show different arrangements of the unit cells, with respectively 12 and 24 atoms 
(doubling of the A/i unit cell with respect to A/2(A/3)^'^"'^^) per unit-cell. As mentioned above, on changing the space 
group the geometrical meaning of the lattice parameters is modified'^'^ and as consequence a deceptive discontinuity 
in the pressure dependences shown in Fig. 6 is observed. The discontinuity indeed disappears once dealing with the 
normalized unit cell volume (see Section III C: Equation of state). Let us now focus on the high pressure regime, P 
> P* . In this case we basically do not consider differences among the three samples anymore. Looking at Fig. 6 it is 
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FIG. 6: (Color online) Pressure dependence of a, b, and c lattice parameters [panels (a), (b) and (c)] for the investigated 
samples (circles, triangles, and squares for pure, 0.7% and 2.5% Cr doped compounds respectively). The empty symbols refer 
to A/2 and M3 cells (left scale), filled symbols refer to the Mi and phases (right scale). Vertical dotted lines mark the 
transition pressures. 



evident that although the a axis exhibits a regular continuous decrease with pressure, a strong anisotropic compression 
of the b-c plane (of the Mi phase) occurs. As a matter of fact, a substantial reduction of the axial bulk modulus of 
the b lattice parameter, defined as AP/A6, from ^172 GPa/A to ^95 GPa/A, with a simultaneous hardening of the 
c axis is observed above P*. This remarkable anisotropic compression within the same crystal structure suggests a 
rearrangement of charge density, which can be related to the pressure-induced insulator-to-metal transition observed 
in infrared (IR) spectra reported in Refs. [11,23] above 10 GPa. From a qualitative point of view a modification in the 
electron density, n, should imply a different lattice response under volume compression. As a matter of fact, the bulk 
modulus is found to be proportional to n^/"^ in a free electron gas^'*. Since above P* the axial bulk modulus increases 
along c and decreases along b a charge-transfer from the b axis towards the c on entering the metallic phase can be 
inferred. 
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C. Equation of state 
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FIG. 7: (Color online) Pressure dependence of the unit-cell volume for 2.5% Cr doped (a), 0.7% Cr doped (b) and pure (c) 
samples (symbols) together with the Birch-Murnaghan fits. Panel (d) shows the infrared spectral weight transfer as a function 
of pressure taken from Refs. [11,23] for pure and 2.5% doped samples. 

The unit-cell volume derived from the pressure dependence of the lattice parameters reported above is shown in 
Fig. 7. As mentioned above, we notice that the deceptive discontinuities of the lattice parameters on entering the Mi 



Vi 




Vo (A^) 


A'o (GPa) 
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= 0.0 % 


117.985 ±0.042 


141. 7± 1.3 
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= 0.7 % 


118.92 ±0.11 


144.0 ± 3.1 
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= 2.5 % 


119.021 ±0.086 


141.1 ± 2.2 



TABLE I; Bulk modulus, Ko and conventional cell volume, Vo obtained from the Birch-Murnaghan model fit to the pressure 
vs urnt-cell volume data for Vi_a;Cra;02 shown in Fig. 7 panels (a)-(c). 

phase (see Fig. 6) disappear once dealing with unit cell volumes. Moreover, no significant discontinuities are observed 
on entering the metallic phase ruling out the onset of simultaneous structural transitions. The pressure dependence 
of the infrared spectral weight taken from Ref. [11 and 23] is also shown for sake of comparison in Fig. 7 (panel (d)). 
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The pressure dependence of the unit-cell volume shown in panels (a), (b) and (c) of Fig. 7 can be well described by 
the Birch-Murnaghan (BM) equation of state^^: 



P{V) = 



1 + -K-4) 



Vo 
V 

2/3 



5/3- 



- 1 



(1) 



using the P=0 unit-cell volume Vq, and the bulk modulus Kq as free fitting parameters and setting the pressure 
derivative of the bulk modulus to four'*"'''^. Best fit parameters are reported in Table I and best fit curves are 
shown as solid lines in panels (a), (b) and (c) of Fig. 7. The present results demonstrate that the high pressure 
metallic phase is apparently a structural phase common to all the compounds studied regardless the different ambient 
pressure structural symmetries. The fact that the metallic Mx phase has the same symmetry of the insulating Mi 
phase implies that the former preserves the V dimers up to the maximum pressure. The only relevant difference of the 
metallic phase from the insulating Mi is the remarkably different response of the lattice upon volume compression 
(Figs. 6 and 7). In addition, bearing in mind that the extent of Peierls distortion is increasing on going from the 
M2 to the M3 to the Mi phase indicate that the lattice compression in these systems, surprisingly appears to enforce 
the Peierls distortion. This peculiar behavior can represent a benchmark for any future theoretical work aimed at 
addressing the physics of these highly correlated systems. 



IV. SUMMARY AND CONCLUSIONS 



In conclusion, we have investigated structural evolution as a function of pressure of Vi_j;Crj;02 (pure, 0.7% and 
2.5% Cr doped) compounds. As pressure is raised, the 0.7% and 2.5% doped compounds showed a structural transition 
to the Ml phase respectively at 2.7 and 3.7 GPa. On further increasing the pressure, the three systems remain 
in a Ml symmetry, with a monotonic decrease of the unit-cell parameters until a threshold pressure, P* = 12 GPa. 
Above P*, all the samples show a remarkable anisotropic compression without any change in crystal symmetry, which 
remains as Mi. In this high pressure regime (P>P*), the b axis becomes more compressible while the c axis hardens 
indicating a non-trivial rearrangement of charge densities occurring over the b-c plane. The onset of the anisotropic 
compression occurs at a pressure quite close to the metallization boundary identified in the high pressure infra-red 
spectra^ ^. This behavior can be thus regarded as a structural signature of the metallization transition occurring in 
VO2 and in the Cr-doped compounds. 

At ambient pressure, the activation of the Peierls distortion along the V-V chains is regarded as the major mi- 
croscopic mechanism for the onset of the low temperature insulating phase, although experimental evidences suggest 
also the relevance of strong electronic correlations. On applying the pressure, our present findings together with the 
optical data reported in Refs. [11,23,24], reveal the simultaneous coexistence of a Peierls distorted monoclinic phase 
together with an enhancement of the metallicity of the system. The electronic modifications in the high pressure 
regime (P>P*) occur without a clear, simultaneous symmctrization of the V-V chains and regardless the different 
extent of the Cr-induced distortion. Present results thus demonstrate the possibility of a MIT mainly driven by 
electron-electron correlation and these results represent a severe bench mark for any theoretical modeling aimed at 
describing the electronic and structural modifications of VO2 induced by temperature and lattice compression. 
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12 



VO. (O.O^'r) 


P = 0.3 GPa; Phase M,; Space Group: P2|/c 


Liiliice parameters 


angles 


Unit cell volume 




Atomic positions 




y 






5.74781(10) 




90 


V 


0.2472(11) 


0.9761(11) 


0.03348(99) 


b 


4.52420(101 


P 


122.6004(14) 


1 17.867(4) 


Oil] 


0.0997(38] 


0.2483(29) 


0.2012(31] 




5.38029(12) 


y 


90 


0(2) 


0.4214(35) 


0.7613( 24) 


0.3279(28) 


P = 4.2 GPa; Phase Mj; Space Group: P2i/c 


Lattice parameters 


angles 


Unit cell volume 




Atomic positions 




y 




a 


5.70657(8) 




90 


V 


0.24363(941 


0.97537(69) 


0.03020(82] 


b 


4.49S84(I0) 


P 


122.5104(11) 


115.765(4) 


Ol 


0.0984(28] 


0.2460(23) 


0.1978(24) 


c 


5.34715(10) 


y 


90 


02 


0.4099(27) 


0.74370(21) 


0.3149(23) 


P= 17.2 GPa; Phase M,; Space Group: P2|/c 


Lattice parameters 


angles 


Unit cell volume 




Atomic positions 




y 




a 


5.58652(131 




90 


V 


0.2381(1 li 


0.9746(10) 


0.0238(11) 


b 


4.38601(17) 


P 


122.0785(15) 


109.734(6) 


Ol 


0.1240(35) 


0.2440(27) 


0.2228(30] 


c 


5.28548(191 


y 


90 


02 


0.4127(36) 


0.7432(24) 


0.3058(28] 



Supplementary information 
Refinement results for the x = 0.0%, sample at three selected pressures. 
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V,.,Cr,O,(\=0.7%l 


P = 0.3 GPa: Phase M,; Space Group: C2/iii 


Lattice 


angles 


Unit cell volume 




Atomic positions 








VI 


0.00000 


0.8133( 39) 


0.00000 




9.0951(35) 




90 


V2 


0.2707(42) 


0.00000 


0.4463(87) 


01 


0.1426(73) 


0.174(13) 


0.276(16] 


b 


5.7S05I16) 


P 


90.712(12] 


238.13(11) 


02 


0.438(14) 


0.00000 


0.163(23] 




4.5347(161 


7 


90 


03 


0.2020( 89) 


0.00000 


0.717(18] 


P ^ 7.4 GPa; Phase M,; Space Group: P2|/c 


Lattice parajiieiers 


angles 


Unit cell volume 




Atomic positions 










5.69366(36) 




90 


V 


0.2465(22) 


0.9690(16) 


0.0382(19) 


b 


4.49230(26) 


P 


122.4894(25) 


115.200(13) 


01 


0.1006(65) 


0.2700(54) 


0.1937(57) 




5.33964(42) 


y 


90 


02 


0.4128(65) 


0.7533(48) 


0.3335(55) 


P- 15.1 GPa; Phase M,; Space Group: P2|/c 


Lattice parameters 




Unit cell volume 




Atomic positions 










5.61949(29) 




90 


V 


0.2285(14) 


0.9694(16) 


0.0287(15) 


b 


4.41954(19) 


P 


122.1349(211 


111.529(10) 


01 


0.1122(54) 


0.2176(42) 


0.1999(49) 




5.30314(32) 


7 


90 


02 


0.4082(56) 


0.7274(38) 


0.3211(45) 



Supplementary information 
Refinement results for the 0.7% sample at three selected pressures. 
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Vi.,Cr,Oj (x=2.5%) 


P = 0.3 GPa; Phase M,; Space Group; C2/m 


Lattice 
parajiieters 




Unit cell volume 




Atomic positions 




y 




VI 


0.00000 


0.7101(19) 


0.00000 




9.0509(11) 




90 


V2 


0.2262(17) 


0.00000 


0.5490(37) 


Ol 


0.1804(19) 


0.2543(48) 


0.2538(38) 


b 


5.78718(33) 


P 


91.6863(27) 


236.839(46) 


02 


0.3955(47) 


0.00000 


0.2318(92) 




4.52356(62) 


y 


90 


03 


0.0960(45) 


0.00000 


0.7733(90) 


P = 6.7 GPa; Phase M,;S 


Mce Group: P2|/c 


parajiieters 


angles 


Unit cell volume 




Atomic positions 




y 






5.70030(14) 




90 


V 


0.2344(14) 


0.9701(12) 


0.0226(15) 


b 


4.49357(15) 


P 


122.4652(19) 


115.399(6) 


Ol 


0.0707(44) 


0.2824(37) 


0.1560(39) 




5.33967(16) 


y 


90 


02 


0.4010(50) 


0.7369(46) 


0.3073(46] 


P= 17.1 GPa; Phase M,; Space Group: P2,/c 


Lattice 
parajiieters 




Unit cell volume 




Atomic positions 




y 






5.60603(21) 




90 


V 


0.2335(17) 


0.9684(16) 


0.0272(18] 


b 


4.39292(28) 


P 


122.0394(28) 


110.719(10) 


Ol 


0.0660(53) 


0.2832(43) 


0.1709(45) 




5.30372(30) 


y 


90 


02 


0.4102(59) 


0.6998(47) 


0.3095(46] 



Supplementary information 
Refinement results for the2.5% sample at three selected pressures. 
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123.0 



122.5- 



00 
CO, 

M 122.0- 
c 



X = 0.0 % 
= 0.7 % 
.X- = 2.5% 



121.5- 



10 12 
P(GPa) 



14 



16 



18 20 



Supplementary information 

Pressure behavior of the monoclinic jS angle for pure (circles), 0.7% Cr doped (triangles), and 2.5% doped 

(squares) VO2 in the Mi and phases. 



